ABSTRACT
INTRODUCTION
The region of West-Bohemia/Vogtland is well known for the occurrence of earthquake swarms. Seismically, the most active part of the region is a broad belt between the towns of Kraslice -Klingenthal and Aš in the western part of the Ore Mountains (Krušné hory Mts., Erzgebirge) at the Czech-German border (Fig. 1) . Historical macroseismic reports confirm the general swarm-type character of seismic events as far back as 1198 (Kárník, 1963) . Stud. Geophys. Geod., 48 (2004) , 709−730 The strong earthquake swarm in the region of the village of Nový Kostel at the turn of the years 1985 and 1986 aroused great interest in this seismoactive region. Two seismic arrays, designated WEBNET and KRASNET, were installed in the Czech part of the region. These arrays have revealed that weak seismic activity has been continuing here to the present. Weaker earthquake swarms in the years 1997 and 2000 have been well documented (Fischer and Horálek, 2000) . Many thousands of seismograms of local events have been recorded so far, but their full utilisation is still limited by insufficient knowledge of the deep geological structure of the region. The drilling of the KTB superdeep borehole in Germany was another strong incentive to increase research activities in the area. The results of the corresponding geological and geophysical investigations in the nearby region of western Bohemia have been described in the monograph edited by Vrána and Štědrá (1997) .
The CELEBRATION 2000 seismic refraction experiment provided a new opportunity to study the deep structure of this interesting seismoactive region (Fig. 1) . The general description of the experiment can be found in the paper by Guterch et al. (2003) . Many technical details and a preliminary interpretation of the observed travel times in the seismoactive region were described by Málek et al. (2001) .
The purpose of the present paper is to present a more detailed analysis of the observed travel times and their interpretation in terms of simple vertically inhomogeneous models (1-D models). Since all permanent seismic stations in the seismoactive area are now located outside the sedimentary basins, the refraction data measured in the sedimentary areas have not been interpreted. Consequently, the derived structural models will refer to the consolidated crust.
GEOLOGICAL SETTING
The geological structure of the West-Bohemia/Vogtland region is very complicated. The Earth's crust is broken here into a number of small blocks by several fault systems. The geological sketch in Fig. 1 shows the Saxothuringian Zone in western Bohemia. The sketch was drawn after a more detailed map in Mlčoch et al. (1997) .
In the present study only a part of the CEL09 international profile between the German-Czech border and the Otročín shot point is considered. This segment traverses several partial geological units (from NW to SE): the Vogtland-Saxony Palaeozoic, Smrčiny crystalline unit, Smrčiny-Fichtelgebirge pluton, Cheb basin, Ore Mts. crystalline unit, Horní Slavkov crystalline unit, Žandov pluton, Kladská unit and Mariánské Lázně Complex (MLC).
A brief comment should be added to the latter complex. The MLC is considered to be an ophiolitic complex, consisting of discontinuous segments of oceanic crust (Jelínek et al., 1997) . It separates the Saxothuringian Kladská unit from the Teplá-Barrandian unit. The MLC forms the largest accumulation of metamorphic basic and ultrabasic rocks exposed in the Bohemian Massif. In particular, the central part of the MLC is formed predominantly by amphibolites. Consequently, high seismic velocities should be expected in this geological unit.
Two supplementary profiles, designated L and V, crossed the Nový Kostel epicentral region. Profile L began at the Libá shot point in the Smrčiny-Fichtelgebirge pluton, then traversed the northern part of the Cheb basin, Vogtland-Saxony Palaeozoic, and terminated in the area of the Karlovy Vary pluton. Profile V started at the Vintířov shot point in the Sokolov basin, traversed the Ore Mts. crystalline unit and continued along the northern borders of the Cheb basin and Smrčiny crystalline unit.
PREVIOUS STRUCTURAL STUDIES
In the Czech Republic, the first deep seismic soundings (DSS) were carried out along two international profiles between 1964−1972 using borehole shots (Beránek, 1971) . Various details of this research have been described in several review articles (Novotný and Urban, 1988; Mayerová et al., 1994) . Reviews emphasising the DSS and other structural studies in western Bohemia can be found in the papers of Novotný (1996) , Novotný (1997) and Málek et al. (2001) .
In particular, several details concerning the International DSS Profile VI should be mentioned, since its distance from the seismoactive area in western Bohemia was only about 40 km (Fig. 1) . The profile began in the German Central Crystalline Trough, passed through the Hercynian Saxothuringian belt, and having traversed the Ore Mts., it entered the Bohemian Massif, and then continued into the Carpathian system. Deep seismic soundings revealed several blocks of the Earth's crust along this profile. Of particular interest to our problems are the Ore Mts. block and Teplá-Barrandian block. Their parameters are given in Table 1 in columns O and T, respectively (Novotný and Urban, 1988) . The corresponding velocity cross-sections are shown in Fig. 2 . As a remarkable difference between the blocks, the high surface velocity in the Teplá-Barrandian block should be especially mentioned.
The shallow crustal structure of the seismoactive region was unknown at the time of the 1985/86 earthquake swarm. Consequently, many investigators used the simple model of a homogeneous half-space in their preliminary analyses of this swarm. Horálek et al. (1987) performed the first measurements of seismic velocities in the region using seismic waves from three quarry blasts. Their measurements covered a range of epicentral Table 1 . Crustal models for the western part of the Bohemian Massif: O -Ore Mts. Unit along Profile VI; T -Teplá-Barrandian Unit along Profile VI; E -model of Málek et al. (2000) ; M -a recent model (see the text). Symbol H is the depth in kilometres, and is the P-wave velocity at this depth in km/s. Velocity varies linearly between the given depths.
distances from about 6 to 39 km. Using a linear approximation of the observed travel-time curve, the authors arrived at a value of v p = 5.757 km s −1 for the P-wave velocity in this half-space (see model H in Fig. 2 ). This homogeneous model was used for routine earthquake localisation for many years (Horálek et al., 1995) . In the late 1980s and early 1990s, many seismic measurements of local or regional extent were performed in the Vogtland and western Bohemia (Behr et al., 1994; Nehybka and Skácelová, 1997) . In western Bohemia, the shots were recorded by digital stations (Lennartz MARS 88 and PCM 5800) deployed at various epicentral distances and azimuths to cover the area of seismic swarms. Some authors attempted to use these extensive data for deriving a 3-D velocity model of the region. However, the first attempts were not successful (Bucha et al., 1992) . Nehybka and Skácelová (1997) subdivided the map of the region into 25 rectangular sectors, and proposed a layered model to a depth of 4.5 km below sea level for each sector. However, this block model was poorly constrained. Málek et al. (2000) restricted themselves to observations of local earthquakes, and derived 3-layered models with a constant velocity gradient in each layer. Their model for the whole seismoactive area is given in Table 1 Stud. Geophys. Geod., 2004) have derived a new model by combining their earthquake data with refraction data from the beginning of the 1990s; see model M in Table 1 and Fig. 2 . Horálek et al. (1987) , model E of Málek et al. (2000) , and the model M of Málek et al. (One-dimensional qP- One of the international profiles, designated CEL09, traversed the earthquake swarm area in western Bohemia and the Vogtland. In order to study the epicentral area in greater detail, supplementary refraction measurements were also performed along two shorter profiles (Fig. 1) . The shorter profile starting at the Libá shot point is denoted by the letter L, and the profile from Vintířov by V. The parameters of the shot points and observation points, used in the present study, are given in Tables 2 and 3, respectively. At Otročín, two shots were performed in boreholes that were specially drilled to depths of about 30 m for the purposes of the CELEBRATION 2000 experiment (profile CEL09). Only the data from the first shot, designated OTRA, will be interpreted here because the second shot yielded a greater scatter of travel times at short epicentral distances. The shot at Libá was a blast in a basalt quarry. Two blasts were performed in an open-pit coal mine at Vintířov. The data from the simpler first blast will be interpreted here, since the second blast was stacked. The times of the borehole shots were controlled by radio signals, and the times of the quarry blasts were measured with a special seismograph (Brož, 2000) . In the present study, in comparison with the data in Málek et al. (2001) , the origin times were corrected by 24 ms for a time shift in the receiver antenna. This time correction was determined empirically in the laboratory by comparing the signals used for time synchronisation directly.
The latitudes and longitudes of the shot and observation points were determined by means of the Global Positioning System (GPS), and refer to the WGS-84 ellipsoid (its equatorial semi-axis a = 6 378 137 m and flattening f = 0.003 352 810 6). The heights above sea level were taken from topographic maps on the 1:50 000 scale. The epicentral distances on the ellipsoid were computed by means of expansions with respect to the flattening (Thomas, 1965; Novotný and Málek, 2003) .
All the shots were recorded by portable stations that were deployed along the main CEL09 profile, and by the permanent stations in the region. Moreover, the shot at Libá was also recorded along profile L, and the shots at Vintířov along profile V. The seismograms recorded along profiles L, V and CEL09 are shown in Fig. 3 . All the observed seismograms have complicated forms and a long duration. Moreover, many neighbouring seismograms are rather dissimilar, which indicates a complicated crustal structure. Table 4 contains the epicentral distances and observed travel times of P waves from shot points LIBA, VINA and OTRA. The isolated points in Fig. 4 show these travel times reduced with a reducing velocity of 6.0 km s −1 . The black symbols in the figure show the measurements along the corresponding profile, whereas the white symbols show the remaining measurements from the same shot point. For example, the black circles show the data from shot point LIBA measured along profile L at observation points L1 to L25, but the white circles show the remaining observations from this shot point (see Table 4a ). No topographic corrections of travel times were introduced in this section. A sampling interval of 10 ms was generally used in the CELEBRATION 2000 measurements along the main profiles, but the measurements along the L and V profiles were performed with a shorter sampling interval of 4 ms. The onsets could be determined mostly with an accuracy of about two samples. However, further uncertainties occurred in measuring the origin time. A comparison of measurements from two nearby shots at Otročín yielded time differences amounting to about 30 ms (three sampling intervals). A detailed analysis of all measurements in the Bohemian Massif yielded a mean error of 50 ms (Hrubcová et al., unpublished data) .
TRAVEL TIMES OF THE FIRST ARRIVALS
A methodical conclusion can be drawn from the estimates just mentioned. Namely, the sampling interval of 4 ms seems to be uselessly short in travel time determinations unless a comparable accuracy is achieved in the origin time measurements. Attention should be paid to this problem in future studies.
Nevertheless, the scatter of travel times at close epicentral distances in Fig. 4 is much larger, amounting to 0.4 s. Therefore, this large scatter is not caused by inaccuracies of measurements, but must be ascribed to differences in the geological structure. 5 . 2 . D i f f e r e n c e s b e t w e e n t h e S a x o t h u r i n g i a n Z o n e a n d s o u t h e r n s t r u c t u r e s
On the basis of geological considerations (Section 2), one can expect higher seismic velocities in the Mariánské Lázně Complex, i.e. also in the vicinity of the Otročín shot points. Fig. 4 confirms this expectation, showing generally lower travel times from Otročín than from Libá and Vintířov. This indicates that the seismic velocities in the Saxothuringian Zone are significantly lower than in the adjacent southern structures. Note that a similar lateral inhomogeneity was already discovered by the deep seismic soundings in the 1970s; see the differences between the Ore Mts. and the Teplá-Barrandian blocks in Table 1 and Fig. 2. 
. 3 . S u r f i c i a l v e l o c i t i e s
It is surprising how different estimates of surficial P-wave velocities have been obtained in the previous structural studies of the region, ranging from velocities higher than 5.0 km s −1 in the first DSS models to 3.7 km s −1 in some recent models (Table 1 and Fig. 2 ). This large scatter was undoubtedly due to the choice of observed data, interpretation methods and, in many cases, by the absence of measurements at small epicentral distances.
The detailed CELEBRATION 2000 data made it possible to obtain more reliable estimates of these velocities. In constructing smoothed models for the whole crust, 
INTERPRETATION OF TRAVEL-TIME CURVES USING THE WIECHERT-HERGLOTZ METHOD
The Wiechert-Herglotz method is a classical method of studying the deep Earth's structure. However, its application to studies of shallow structures encounters some problems. For example, Beránek et al. (unpublished data) attempted to use this method in their DSS studies, but the authors were able to obtain the velocity cross-section only to a depth of about 10 km. Since models of the whole crust were required, they substituted the Wiechert-Herglotz method by simpler, but only approximate methods.
In order to reduce the scatter of the observed travel-time curves, we introduced topographic corrections, selected the data for similar geological units, and used special methods of smoothing. Let us describe the topographic corrections and smoothing briefly. Stud. Geophys. Geod., 48 (2004) In computing topographic corrections, the recent structural model M was used (Table 1 ). The shot point was located at its surface. Above this boundary (at higher altitudes), a homogeneous half-space with a P-wave velocity of 3.7 km s −1 was added. Consequently, the observation point is located in the homogeneous half-space if its altitude is higher than that of the shot point, or is located in the underlying gradient layer if its altitude is lower. Assume observation point, P, and denote by P 0 its vertical projection onto the horizontal plane passing through the shot point. The topographic correction, c, is then defined as the theoretical travel time of refracted-wave propagation from the shot point to point P 0 minus the travel time to point P. These corrections are given in Tables 4a,b,c. In order to obtain a corrected travel time, correction c must be added to the observed travel time t. Hereafter in this section, the corrected travel times are used.
The model of a homogeneous half-space on gradient layers is oversimplified, but enables easy computation of seismic rays and travel times. Other models were also tested but the corrections did not change appreciably.
Since the Wiechert-Herglotz method requires smoothed and monotone derivatives of the travel-time curve, considerable smoothing of the observed curves is usually needed. 
t being the travel time and r the epicentral distance, will be presented here. The coefficients of the polynomials were computed by the method of conjugate gradients (Tarantola, 1987) . The depth of the turning point of the refracted ray was determined from the WiechertHerglotz formula for a vertically inhomogeneous medium in the form
where ( ) 
. 1 . S m r č i n y -F i c h t e l g e b i r g e p l u t o n
Profile L runs from the Smrčiny-Fichtelgebirge pluton, and terminates in the Karlovy Vary pluton. In order to obtain the travel times for the Smrčiny-Fichtelgebirge pluton, only points L1 to L8 and SKC were considered (Table 4a ). The corresponding values are shown in Fig. 5 as the circles at epicentral distances lower than 11 km. The solid line SM in the figure is the approximation using Eq.(1). Its parameters are as follows: a 1 = 0.7937, a 2 = 0.1716, and b 0 = 2.849 (if the epicentral distances are given in kilometres and travel times in seconds). Now it is easy to differentiate Eq.(1) analytically, and to apply the Wiechert-Herglotz Eq.(3). The smooth velocity cross-section obtained is shown in Fig. 6 as the solid line SM, and also given in Table 5 as model SM.
The velocity cross-section SM is close to model M (Table 1) , but extends to a depth of 1.3 km only. Model SM yields a low surface velocity of about 3.6 km s −1 , but a steep increase of the velocity to a depth of about 1 km. This surface velocity agrees with the limit derived in Section 5. Note that laboratory measurements also yielded low P-wave surface velocities between 3 and 4 km s −1 for granites from the Smrčiny pluton (Martínková et al., 2000) .
As opposed to these values, all previous DSS models for the West-Bohemian region are characterised by much higher surface velocities exceeding 5.0 km s −1 ; see models O and T in Table 1 , and the recent results of Hrubcová et al. (unpublished data) mentioned in Section 5. The detailed analysis in the present paper indicates that the previous DSS models were too smoothed and oversimplified.
. 2 . B o t h p l u t o n s t o g e t h e r
In order to obtain a long travel-time curve for plutonic structures, data from the two separate plutons, i.e. from the Smrčiny-Fichtelgebirge pluton and the Karlovy Vary pluton, were combined. For this purpose, points L1-L8, L18-L25 and SKC were considered; see Table 4a and all the circles in Fig. 5 . The dashed line PL in the figure is the approximation using Eq.(2). This approximation was preferred here, as it yielded a better fit to the observed data than Eq.(1). Its parameters are as follows: a 1 = 0.7144, a 2 = 0.1740, and b 0 = 2.499. The Wiechert-Herglotz method then yielded the velocity cross-section that is shown in Fig. 6 as the dashed line PL, and is given in Table 5 as model PL. At shallow depths, the velocity cross-section PL is very close to the SM model for the Smrčiny-Fichtelgebirge pluton, since the same observed data were used at short epicentral distances.
In order to obtain the long travel-time curve, the data from two separate plutons were combined. Such a connection of separate parts of the observed data is substantiated only if the intermediate geological unit has a similar structure at the corresponding depths. If the velocities in the deeper parts of the plutons and surrounding rocks are significantly different, our model PL will be incorrect at depths greater than about 1.3 km. This problem will be discussed below in Section 7.
6 . 3 . C r y s t a l l i n e u n i t s Substantial parts of profile V crossed the Ore Mts. crystalline unit and the Smrčiny crystalline unit (Fig. 1) . To study these units, the travel times from points V2-V4, BERN, V6, V9-V11 were selected (Table 4b) . The values are shown in Fig. 5 as triangles. Line CR in the figure is the approximation using Eq.(1). The approximating function is described by the parameters a 1 = 1.849, a 2 = 0.1578, and b 0 = 7.898. The WiechertHerglotz method yielded the velocity model that is shown in Fig. 6 as model CR; see also Table 5 . The seismic velocities in the crystalline units are slightly higher than the velocities in the plutons, but the shapes of the velocity cross-sections are very similar.
6 . 4 . M a r i á n s k é L á z n ě C o m p l e x a n d K l a d s k á u n i t Small travel times from the Otročín shot point observed in the Mariánské Lázně Complex (MLC) and Kladská unit (Fig. 4) indicate high seismic velocities in these geological structures. High velocities in the MLC were expected, but not in the Kladská unit (see Section 2). The Kladská unit belongs to the Saxothuringian Zone according to the geological division, but its velocities more closely resemble the MLC. This represents another interesting problem for future studies.
To study these high velocity structures, the travel times from the OTRA shot point observed at points 9118 to 9123 were selected (Table 4c) . Table 5 (model MK). The velocities in this model are higher than those in the geological units discussed above. A petrological explanation of the high velocities expected in the MLC was given in Section 2. 
. 5 . O t h e r g e o l o g i c a l u n i t s
Several WEBNET stations are located in the Vogtland-Saxony Palaeozoic, but this geological unit was poorly covered with portable stations. For this reason, it was not possible to derive a new mean model for the whole WEBNET area. Nevertheless, it follows from these remarks that future structural studies should be concentrated preferably on the northern parts of the seismoactive region.
Note that all velocity models of the uppermost crust derived in this section are characterised by a noticeable concave form, i.e. their velocity gradients rapidly decrease with depth (Fig. 6) . As opposed to this, the old model O displays a convex velocity distribution in the uppermost crust.
ACCURACY OF STRUCTURAL MODELS

. 1 . D e v i a t i o n s i n t r a v e l t i m e s
First, let us estimate the fit between the observed and synthetic travel times. Table 6 gives the standard deviations between the travel times observed in the individual geological units (isolated points in Fig. 5 ) and the corresponding travel times computed for several previous structural models given in Table 1 , and the models derived in the present paper. The half-space model H of Horálek et al. (1987) with a velocity of v p = 5.757 km s −1 is also considered. All observed curves were compared with the synthetic ones for the mean models of the region, i.e. models H, E and M. However, model O of the Ore Mts. was used only with the data from the Saxothuringian units (plutons and crystalline units). As opposed to this, model T of the Teplá-Barrandian block was used with the data from the Mariánské Lázně Complex and Kladská unit only. Table 6 . Standard deviations between the travel times observed in the individual geological units and synthetic travel times. The deviations are given in milliseconds. The individual columns refer to the synthetic data for the structural models O, T, E and M from Table 1 , to the homogeneous halfspace model H of Horálek et al. (1987) , and to the rational approximations of the individual observed travel times (the last four columns). It follows from Table 6 that the simple models H and E satisfy the observed data rather poorly as the deviations exceed 100 ms in most cases. However, the reasons for these large deviations are opposite, the synthetic travel times being too small for model H, but too large for model E in comparison with the observed data (Fig. 4) . Model H is acceptable for the Mariánské Lázně Complex only. Models O and M are relatively acceptable for the plutonic structures, and model T for the Mariánské Lázně Complex and Kladská unit. Of course, the smallest deviations of about 15 ms were obtained for the rational approximations of the individual observed data, corresponding to models SM, PL, CR and MK.
. 2 . D e v i a t i o n s i n 1 -D m o d e l s
Before applying the Wiechert-Herglotz method, the observed travel times were greatly smoothed. The approximating curves in the simple forms (1) and (2) are characterised only by three and four coefficients, respectively. Consequently, the derived 1-D velocity models for the individual geological units represent considerable simplifications of the real structures.
To estimate the accuracy of the smoothed 1-D models, the method of delete-one jackknifing was used (Tichelaar and Ruff, 1989) , i.e. interpretations were repeatedly performed for data in which one travel-time point had been successively omitted. The velocity models obtained in this way for the individual geological units are shown in Fig. 6 as thin lines. One can see that these reductions of input data changed the resulting models only slightly. This indicates a rather high confidence of the 1-D models derived.
. 3 . O t h e r m o d e l s f o r t h e p l u t o n s
The travel times observed for the plutons in Fig. 5 (circles) seem to form three quasilinear segments. Consequently, in addition to the rational approximation of the data, an attempt was made to interpret the data in terms of a three-layered medium with a piecewise-linear velocity distribution. Using the grid search method, a model characterised by velocities of 4.35, 5.64, 5.89 and 6.03 at depths of 0, 1, 3 and 5.2 km, respectively, was found. The velocity varies linearly between these depths. This model, designated 3L, is rather close to the smoothed model PL, derived by the Wiechert-Herlotz method (Fig. 7) . The standard deviation for model 3L is 15 ms, which is very close to the 14 ms for model PL (Table 6) . The derivation of the PL model, as a common model for the Smrčiny and Karlovy Vary plutons, was based on the assumption of close velocities in the intermediate crystallinic unit and the surrounding plutons. However, Fig. 6 shows higher velocities in model CR than in model SM. Consequently, the travel times from the shot point Libá observed in the Karlovy Vary pluton may be shorter by about 100 ms in comparison with the propagation in purely plutonic structures. Therefore, to obtain "pure" plutonic travel times, the travel times at points L1 to L8 and SKC were kept fixed, but a constant value of 0.1 s was added to the observed travel times at points L18 to L25. The application of Eq.(2) and the Wiechert-Herglotz method to these modified data yielded the model shown in Fig. 7 as model MOD. Figure 7 thus indicates the probable uncertainties in the 1-D models for the plutons under consideration.
CONCLUSIONS
The present paper summarises the P-wave travel times of refracted waves observed at the West Bohemian portable and permanent seismic stations during the CELEBRATION 2000 experiment. Attention has been paid to measurements along a part of the international profile CEL09 and to two supplementary profiles (L and V) that crossed the main epicentral zone of earthquake swarms.
Complicated waveforms observed along the profiles and large variations in travel times confirm that the region has a complicated shallow geological structure. In particular, remarkable structural differences have been observed between the Saxothuringian Zone in the north and the southern geological structures.
A new method of smoothing the observed travel-time curves, based on rational approximations, has been tested for the purposes of the Wiechert-Herglotz method. This approach made it possible to derive new 1-D models of the uppermost crustal structure for the plutonic units, crystalline units and the Mariánské Lázně Complex with the Kladská unit ( Fig. 6 and Table 5 ). The structural models derived here are characterised by rather low superficial velocities, but high velocity gradients to a depth of about 1 km. Previous deep seismic soundings in western Bohemia and Vogtland did not disclose this structural feature. The new models fit the observed travel times much better than the older models (Table 6) .
The new velocity models indicate that much simpler models, which are still used for routine localisation of earthquakes and focal mechanism studies in the region, should be reconsidered. We are convinced that the new models can also be used as initial models for seismic tomography.
